Objectives: Pledget-assisted suture tricuspid valve annuloplasty (PASTA) is a novel technique using marketed equipment to deliver percutaneous trans-annular sutures to create a double-orifice tricuspid valve.
| B AC KGR OUND
Tricuspid valve regurgitation is a common, progressive, malignant disease associated with increased mortality independent of left ventricular function or pulmonary artery pressures [1, 2] . Outcomes worsen with increasing severity of tricuspid regurgitation [1] .
Isolated surgery for tricuspid regurgitation is rarely performed [3] , and is associated with a higher mortality than for any other single valve [4] . Re-operations for failed tricuspid repair have an in-hospital mortality of 35% [5] . Surgical outcomes for organic tricuspid regurgitation are worse than for functional tricuspid regurgitation, and replacement has a higher mortality than repair [6, 7] . There are no commercially available transcatheter options in the US.
We propose a percutaneous pledget-assisted suture tricuspid annuloplasty (PASTA) to create a double-orifice tricuspid valve. The surgical precedent for PASTA comes from Hetzer's double orifice suture technique, which has been performed in more than 90 patients with severe organic and functional tricuspid regurgitation with no reoperation after 8.7 years [8] .
We report PASTA in animals. We tested (1) transcatheter delivery of trans-annular double-bite pledgeted sutures; (2) pull-through force of pledgeted sutures; (3) a technique to exchange guidewire for suture; (4) a muscular interventricular septal bite to anchor the septum directly;
and (5) use of off-the-shelf commercially-available medical equipment to perform a closed-chest beating heart suture annuloplasty. To our knowledge this is the first true transcatheter cardiac surgery procedure, accomplishing repair using only sutures and pledgets rather than anchors and metallic implants.
| M E TH ODS

| Animal experiments and necropsy
Procedures on Yorkshire swine were approved by the NHLBI animal care and use committee and conducted per contemporary NIH guidelines. Anesthesia was induced and maintained with mechanical ventilation and inhaled isofluorane. Jugular and femoral sheaths were placed percutaneously and aspirin, heparin, amiodarone, and metoprolol were administered.
Careful assessment for structural compromise, thermal and mechanical injury, and histology were performed after necropsy.
| PASTA procedure overview
PASTA reduces the tricuspid valve orifice by apposing septal and lateral targets on the tricuspid annulus using percutaneously delivered pledgeted sutures. We selected two specific annular targets for PASTA, one at the mid-anterior leaflet, and another at the posterior-septal leaflet commissure, avoiding the AV node, and Bundle of His. Because there is no anatomic septal annulus, the septal pledget target incorporates interventricular septal myocardium between the base of the septal leaflet and the coronary sinus. The result is a double-orifice tricuspid valve ( Figure 1A -E).
| PASTA tools and techniques
In vivo procedures in swine were guided by X-ray fluoroscopy and intracardiac echocardiography using only marketed equipment. We tested both trans-apical (via percutaneous 12Fr right ventricular sheath, 10 cm Fast-Cath, St Jude) and trans-jugular (using a deflectable 8.5Fr jugular Agilis small curl sheath) approaches. A separate trans-jugular sheath was used for snaring.
We use established transcatheter electrosurgery techniques to traverse annular and myocardial tissue [9] [10] [11] . A pair of 0.014ʺ guidewires (Confianza Pro 9, Asahi-Intecc) are directed to each target using curved catheters (5-6Fr mammary, JR4, and multipurpose) through a transapical or trans-jugular sheath (Figures 2A,E and 3 were implanted across the pulmonary valves of naïve swine, creating free pulmonary regurgitation. Simultaneously, polyvinyl alcohol microspheres (500-700 lm Embospheres, Merit Medical) were infused into the pulmonary arteries until the mean pulmonary artery pressure doubled acutely.
| Pull-through force
To prevent avulsion of sutures, we tested different pledget strategies in freshly explanted swine hearts. Transcatheter suture mimics have involved a single trans-annular "bite" [13] . We compared this strategy with a double trans-annular bite used in PASTA. Pledgeted sutures were fed through a single tricuspid trans-annular bite at both septum and free wall in five naïve swine hearts. The pull-through force (Model ZPH; Imada, Northbrook, Illinois) was compared to four nonsurvival and four 30-day PASTA explants where a pledget was secured to annular targets at two bites (Supporting Information Figure S1B ,C). The in vivo bites were made using radiofrequency perforation with a guidewire and ex vivo bite with a 2-0 curved needle.
| Imaging and analysis
MRI was performed at 1.5 T (Aera, Siemens, Erlangen, Germany) before and after PASTA. Steady-state free precession MRI measured right sided chamber size and function. Right ventricular stroke volume was compared with 3-dimensional pulmonary artery flow to quantitate tricuspid valve regurgitant fraction [14] . Annular area was measured by planimetry on short axis cine images and septolateral dimension from long axis cine images in mid-diastole. T1 and T2 parametric reconstructions assessed acute edema, and late gadolinium enhancement imaging was performed at 30 days to assess fibrosis. Noncontrast 4-dimensional flow was acquired over the whole heart (4D Flow 2.4, Siemens), and reconstructed after seeding voxels within the right atrium, right ventricle, and pulmonary artery. Volumetric CT (Aquilion One, Toshiba) was performed in a subset after PASTA.
Data are represented as mean 6 standard deviation. Statistical analysis comparing pull-through forces was performed using two-tailed two-sample equal variance t-tests. No further statistical comparisons were performed because of small sample sizes. 
| Pledgets and exchange knots
The maximum outer diameter of the suture-exchange knot was 0.032ʺ at the guidewire shaft and 0.024ʺ at the tip (Supporting Information Figure S1A ). The connection was secure, with no loss of suture after 88 in vivo annular suture exchanges in 22 animals.
The force required for pull-through failure in freshly explanted naïve swine hearts with a single ex vivo needle directed puncture was 8.0 6 2.6N. This was significantly lower than the pull-through force in nonsurvival (40.6 6 11.7N, P < .01, n 5 8) and 30-day (41.1 6 11.5, P < .01, n 5 8) PASTA explants. In nonsurvival PASTA explants, the pledgets technically did not pull-through at all but rather the myocardium was torn at these extreme forces. Septal and free-wall pullthrough forces were comparable.
| Procedure outcomes
The procedure was conceived and developed in 23 pigs that are not further described.
PASTA was performed in six consecutive nonsurvival naïve pigs;
10 naïve pigs that were survived to 30 days; and six pigs with iatrogenic functional tricuspid regurgitation and annular dilatation, survived to 30 days (Supporting Information Figure S2 ).
All 22 pigs (44-69 kg) had technically successful procedures with percutaneous trans-apical or percutaneous trans-jugular delivery of a pledgeted suture bridge across the tricuspid annulus to create a double orifice valve. Tension was applied variably to accomplish complete (n 5 11) or partial (n 5 11) apposition of the annular edges. Doppler interrogation showed no regurgitant jets through the suture sites.
| Complications
Four animals had apical access related complications (pneumothorax (n 5 3), hemothorax (n 5 3), and pericardial effusion (n 5 2)) that were expected after knowingly traversing lung tissue and after closing without pericardial drainage. One animal had iatrogenic volume overload. One naïve pig had severe tricuspid stenosis from over-aggressive annular apposition.
| Geometric and hemodynamic impact of PASTA
The procedure created a tricuspid valve pressure gradient of 1.7 6 1.5 mmHg in naïve pigs and 0.7 6 0.8 mmHg in pig models of tricuspid regurgitation. Hemodynamics at baseline, post procedure and 30 days are shown in Table 1 .
Immediately post procedure there was a sizeable reduction in tricuspid dimensions (Table 1 ; Supporting Information Figure S3 ). Annular area reduced from 10.1 6 0.8 cm 2 to 3.8 6 1.5 cm 2 in naïve animals and from 13.1 6 1.5 cm 2 to 6.2 6 1.0 cm 2 in diseased animals. Septallateral diameter, measured at the target sites, reduced from 3.9 6
0.3 mm to 1.4 6 0.6 mm in naïve animals and 4.4 6 0.4 mm to 1.7 6
1.0 mm in diseased animals.
Right ventricular end-diastolic volume reduced from 94 6 13 ml to 85 6 14 ml in naïve animals and 157 6 25 ml to 143 6 20 ml in diseased animals. 
| 5
Results were sustained at 30 days apart from in one animal where there was a significant leaflet tear from a poorly selected crossing target, which released suture tension. One animal with tricuspid regurgitation had leaflet entrapment from PASTA, and continued to have progressive right ventricular dilatation.
The results were not adjusted for the 21-30% increase in weight in between measurements.
| PASTA in functional tricuspid regurgitation
Iatrogenic tricuspid regurgitation increased annular area from 9.3 6 2.0 cm 2 to 13.2 6 1.5 cm 4% and no regurgitant doppler color flow.
| Right coronary artery
Postprocedure angiography demonstrated an intact right coronary artery in all cases. Two out of 22 pigs developed a kink in the right coronary artery at the site of suture tension, with pressure wire Pd/Pa >0.98 in both and no angiographic flow obstruction. 
| Tissue characterization by MRI, necropsy and histopathology
| D ISC USSION
We demonstrate that PASTA can create a double-orifice valve and abolish tricuspid regurgitation in an animal model. PASTA was performed using commercially-available equipment in what we believe to PASTA is enabled by several novelties. First, we implanted transannular double bite suture pledgets to create a broad anchor area with limited tissue perforation. The double-puncture pledget technique resulted in a five-fold higher pull-through force compared with a single-puncture alternative, a strategy used in some investigational technologies (e.g., Mitralign/Trialign [17] , Tewksbury, Massachusetts).
Our technique compares favorably to surgical ("partial thickness") sutures in ovine tricuspid annulus, with a reported pull-through force of 6.5 6 2.2N [18] . Second, we exchange a traversing guidewire for a permanent suture, by crimping a simple low-profile knot to connect the two. We expect this suture delivery technique to be widely applicable.
Third, because the tricuspid septal annulus is not anatomically delineated, we developed a technique to employ a muscular septal "bite" extending into the coronary sinus ostium to establish a pledgeted septal anchor.
The procedure is inspired by Hetzer's surgical technique of doubleorifice tricuspid annular repair [8] . They report durable repair in 91 None of these techniques appear suitable in enormous annuli and often reduce tricuspid regurgitation severity from torrential to severe [24] , which would be considered a failure in surgically repaired tricuspid valves [19] .
| Limitations
We developed the PASTA technique despite knowingly traversing lung tissue in animals, which we would not tolerate in humans. Accordingly, serious complications were common. Procedure mortality was related to percutaneous right ventricular apical access (lung traversal causing pneumothorax and hemothorax) and closure (pericardial effusion). In humans the expected transapical trajectory would avoid lung traversal, and is amenable to surgical or percutaneous access. These complications were avoided in the trans-jugular iteration of PASTA.
In two animals, we inadvertently traversed the basal anterior leaflet rather than annulus. This caused leaflet tears. Thereafter we learned better intracardiac echocardiography techniques that avoid out-ofplane catheters to assure adequate annular traversal. In patients, we
would not attempt PASTA if there were insufficient (<4 mm) annular tissue rims between the right coronary artery and the anterior leaflet, and we would add three-dimensional echocardiography guidance, which is not available in our animals. Right coronary artery kinking may not be tolerated in patients with diseased coronary arteries and may require rescue stent implantation. Ventricular fibrillation is common and expected during cardiac electrosurgery in our swine; there is human experience crossing the interventricular septum using radiofrequency ablation without complication [25, 26] . In naïve animals without annular dilation, PASTA may create functional tricuspid stenosis. This may explain the mild transvalvular gradients we observed after PASTA.
In humans, we do not expect tricuspid stenosis to occur, but overcorrecting tricuspid regurgitation and leaving mild stenosis is often well tolerated [27] .
The long-term durability of this technique is untested. It is possible that the annulus would continue to dilate around the tension points of the suture. Moderate degrees of dilation would likely be well tolerated without recurrence of tricuspid regurgitation given the large reduction in annular area with PASTA. We did not see pledget pull-through at 30 days, by which time endothelizalization was complete. However, even optimally secured pledgets may pull through in patients with fragile tricuspid annuli. Worse, the annulus could tear away from the myocardium if excessive tension is applied. Alternatively, the ventricle may remodel favorably, reducing tension.
There is no good animal model of torrential tricuspid regurgitation with preserved leaflets. The animal models in this study developed only modest annular dilatation so the efficacy of this technique in massively enlarged annuli, or in patients with chronic tricuspid regurgitation, is untested.
| C ONC LUSI ON S
Percutaneous PASTA is feasible, reduces annular area, and eliminates tricuspid regurgitation in an animal model. Serious complications were common in this technical development study, but were mostly related to apical access and not likely to be visited upon patients. The technique may be applied cautiously in selected patients who have no clinical or investigational option.
| P E RSP E CTI V E S
| What is known?
Functional tricuspid regurgitation is caused by annular dilation and leaflet traction and can be highly symptomatic. Double-orifice surgical apposition of the septal and lateral annular walls durably reduces tricuspid regurgitation.
| What is new?
Using percutaneous catheters and off-the-shelf equipment, we delivered pledgeted sutures to appose the annulus of the tricuspid valve between the middle of the anterior leaflet and the posterior septal leaflet. This markedly reduced tricuspid annular area and tricuspid regurgitation in an animal model.
| What is next?
The PASTA procedure will cautiously be applied to patients without other good options to treat severe tricuspid regurgitation. Transcatheter pledgeted cardiac suture repair may have numerous applications in structural heart disease. 
